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SUMMARY 


Based  on  the  potential  flow  theory  calculation,  the  capacity  of  the 
air  supply,  the  limitation  of  the  internal  pressure  of  the  model  and  the  limi¬ 
tation  due  to  the  compressibility  effect  of  the  jet  stream  at  high  velocities, 
the  elliptical  airfoils  of  18-  and  12-percent-thickness  ratios  were  designed 
and  constructed.  Experimental  investigations  for  both  models  with  trailing 
edge  jets  include  force  (lift  and  drag)  and  pitching  moment  measurements. 

In  addition,  static  pressure  measurements  were  made  in  both  spanwise  and 
chordwise  directions.  These  results  were  used  to  compare  with  available 
theories. 


Circulation  control  with  dual  jets  for  the  elliptical  airfoil  of  18- 
percent-thickness  ratio  was  tested  with  very  satisfactory  results.  Tests 
were  also  made  to  determine  the  practicality  of  circulation  control  using  a 
jet  issuing  from  the  leading  edge  region  of  the  airfoil. 

The  determination  of  the  aerodynamic  response  of  the  airfoil  model 
to  cyclic  changes  in  jet  mass  flow  was  also  made.  The  cyclic  results  were 
very  satisfactory  and  are  presented  in  the  form  of  pulsating  lift  coefficient, 
drag  coefficient,  and  pressure  coefficient  as  a  function  of  pulsating  jet 
coefficient. 
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I.  INTRODUCTION 


For  two-dimensional  flow  of  a  uniform  stream  past  an  airfoil,  the 
Kutta-Joukowski  hypothesis  states  that  the  strength  of  circulation  about  an 
airfoil  will  always  adjust  itself  so  that  the  velocity  is  finite  at  the  trailing 
edge.  Based  on  this  hypothesis,  airfoils  are  designed  with  sharp  trailing 
edges  so  that  the  increase  of  lift  depends  entirely  on  the  increase  of  the 
angle  of  attack. 

If  an  airfoil  is  designed  with  a  trailing  edge  of  finite  curvature, 
the  rear  stagnation  point  in  the  potential  flow  is  not  situated  at  a  fixed 
point.  Futhermore,  the  production  of  lift  is  independent  of  the  angle  of 
attack  of  the  airfoil  but  depends  on  the  position  of  the  rear  stagnation 
point,  which  can  be  artifically  fixed.  The  production  of  lift  for  an  airfoil 
with  a  round  trailing  edge  can  be  achieved  by  placing  a  thin  flap  along  the 
calculated  rear  dividing  streamline  extending  from  the  airfoil's  surface  to 
a  certain  point  downstream  while  continuous  suction  is  applied  around  the 
trailing  edge  (Reference  9).  An  elliptical  wing  section  of  3 5 -percent -thick¬ 
ness  ratio  with  trailing  edge  flap  was  tested  at  California  Institute  of  Tech¬ 
nology  during  1950-51;  the  results  show  that  a  high  lift  coefficient  of  7.  3 
was  obtained  (Reference  4). 

On  the  basis  of  the  above-mentioned  favorable  features  and  re¬ 
sults,  the  late  Dr.  Theordore  von  Kerman  and  S.  W.  Yuan  conceived  and 
filed  a  patent  in  1953  on  the  idea  of  adapting  this  type  of  airfoil  to  heli¬ 
copter  rotors.  A  comparison  of  performance  of  the  XH-16  rotor  and  the 
Karman-Yuan  rotor  was  made  (Reference  14);  the  results  indicate  that  in 
forward  flight,  at  1 6 0  miles  per  hour,  the  Karman-Yuan  rotor  requires  20 
percent  less  horsepower  than  the  XH-16  rotor,  and  that  in  hovering  there 
is  a  saving  of  10  percent  horsepower  by  the  Karm&n-Yuan  rotor.  This 
power  saving,  although  only  10  percent,  would  result  in  an  80  percent 
increase  in  the  vertical  rate  of  climb. 


Furthermore,  the  Karman-Yuan  rotor  allows  the  elimination  of  the 
usual  cyclic  variation  of  anole  of  attack  of  the  blades  by  substituting  a  cy¬ 
clic  flap  control,  thereby  allowing  a  saving  in  weight  reduction  of  mechan¬ 
ical  complexity,  reduction  of  vibration,  and  hence  improvement  in  the  fa¬ 
tigue  characteristics.  It  appears  that  the  use  of  an  airfoil  of  oval  profile 
can  result  in  lift  regardless  of  forward  or  rearward  flow  relative  to  the  air¬ 
foil,  so  that  there  is  no  loss  of  lift  in  the  reverse  flow  region  experienced 
at  higher  forward  speeds.  As  a  consequence,  the  helicopter  equipped  with 
oval  airfoils  would  not  suffer  as  great  a  limitation  in  forward  speed  as 
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does  an  orthodox  helicopter. 


Due  to  the  mechanical  complexity  of  the  flap  and  boundary  layer 
control  system  of  the  Karman-Yuan  rotor  system.it  was  decided  that  jet 
flaps  should  be  introduced  to  the  blades  to  replace  the  mechanical  flap. 

In  this  way  all  the  features  and  advantages  of  the  original  Karman-Yuan 
rotor  system  can  be  retained  without  suffering  the  penalty  of  the  mechani¬ 
cal  complexity  of  the  solid  flaps.  Furthermore,  the  jet  may  produce  a 
"supercirculation"  above  the  natural  circulation  level  on  the  airfoil,  pro¬ 
vided  the  jet  momentum  is  sufficiently  large  and  flow  separation  does  not 
occur.  Hence,  additional  lift  on  the  rotor  may  actually  be  obtained. 

A  rotor  system  utilizing  blade  circulation  control  by  means  of  jets 
has  been  evaluated  experimentally  for  the  hovering  condition  at  the  Aero¬ 
space  Engineering  Laboratory  of  the  University  of  Texas.  The  experiment 
was  initiated  by  S.  W.  Yuan  and  performed  by  J.  S.  Kishi  during  the  period 
1960-61.  The  blade  of  this  experimental  rotor  model  was  52  inches  in 
length  and  had  an  elliptical  cross  section  with  a  30-percent-thickness  ratio 
and  a  chord  of  2.9  inches.  The  results  of  Kishi's  tests  show  that  for  a 
given  torque  the  thrust  coefficient  for  the  Karman-Yuan  rotor  system  is  about 
15  percent  higher  than  that  for  the  conventional  type  rotor  with  a  NACA 
0012  airfoil.  Furthermore,  at  an  angular  velocity  of  30  radians  per  second, 
the  lift  coefficient  for  the  Karman-Yuan  rotor  blade  was  about  twice  as 
great  as  that  of  the  NACA  0015  airfoil  rotor. 

The  purpose  of  this  experimental  investigation  is  to  study  the 
basic  aerodynamic  characteristics  of  an  elliptical  airfoil  with  jet  flap.  Fur¬ 
thermore,  exploratory  investigations  were  conducted  in  order  to  gain  knowl¬ 
edge  in  the  area  of  a  dual-jet  system  and  the  aerodynamic  response  of  the 
elliptical  airfoil  to  rapid  cyclic  change  in  jet  momentum.  It  is  hoped  that 
the  results  of  this  study  presented  here  will  provide  adequate  information 
to  justify  further  investigation  toward  the  application  of  this  type  of  air¬ 
foil  to  helicopter  rotors. 
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z. 


THEORETICAL  CONSIDERATIONS 


Z.  1  THEORETICAL  PRESSURE  DISTRIBUTION  ABOUT  AN  ELLIPTICAL 

AIRFOIL  WITHOUT  TRAILING  EDGE  JET  . 

The  general  theory  for  determining  the  velocity  distribution  for  two- 
dimensional  flow  of  an  inviscid  incompressible  fluid  around  an  arbitrary  air¬ 
foil  has  been  discussed  in  detail  by  Theodorsen  and  Garrick  (Reference  10). 
The  basic  principle  of  the  theory  is  known  as  Riemann's  Theorem;  this 
theorem  shows  that  the  potential  field  around  any  closed  contour  can  always 
be  transformed  into  the  potential  field  around  a  circle.  In  airfoil  theory,  ap¬ 
plication  of  the  theorem  consists  of  the  transformation  of  an  airfoil  into  a 
curve  differing  slightly  from  a  circle,  and  then  going  from  the  near-circle  to 
a  circle.  Since  the  flow  about  the  circle  can  easily  be  found,  the  flow  char¬ 
acteristics  about  the  airfoil  section  can  be  determined  by  means  of  the  same 
transformations. 


For  an  ellipse,  the  velocity  distribution  for  the  potential  flow  can 
be  calculated  from  the  known  complex  potential  for  a  circle 
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with  the  aid  of  the  following  transformation  between  a  circle  and  an  ellipse 
(Reference  7) 

Z  =  |  (  Z  +  \jl2-  C2  )  (2) 

where  C2  =  a2  -  b2and  the  expression  Z  =  C  Cosh£  represents  elliptical 
coordinates  (Figs.  1  and  Z) 


and 


C  =  £  +  '  (3) 

x  =  c  Cos  Cos  7}  ,  y=cSinh£Sm^,  (4) 


If  the  potential  flow  about  the  circle  consists  of  a  parallel  and  a 
circulatory  flow,  the  velocity  at  any  point  on  the  elliptical  airfoil,  as  deter¬ 
mined  by  the  above  transformation,  can  be  written  as 


_u_  _  _L  _d_F 
Uoc  '  Uoo  dz 


(l  +  j)sinHl-<x)  +  !^ 
[sin2  n  +  (£)SCos2  I)]2 


(5) 
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According  to  Eq.  (l^the  stream  function  for  an  elliptical  airfoil 
with  circulation  is  obtained  as 

--  U„  (a  +b)  Sinh  (4-|0)  Sin(7)-<»)  +  acL(4-&,)  <6> 

where  is  the  value  of  on  the  ellipse. 


For  any  given  C-^, 
y*  =  0  in  Eq.  (6);  hence, 


Sin  (>?-<*)  = 


and 


COS  \7\  -  CC)  = 


the  dividing  streamline  is  obtained  by  putting 
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2TT  (  1  -1-  4 )  Sinh  (4'4o) 
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(7b) 


Solving  Eqs.  (7a)  and  (7b), 


Sin  71  =  -  F  ( £, )  Cos  (%  +  Sin  <%  \j  I  -  [>(£,)] 


(8a) 


and 


Cos  7?  =  F(|)Sin  CL  f  Cosfly  I-[f(|)] 


(8b) 


where 


F(£)  -- 


(!-£,)  CL 
I  +  f)  S.nh  (£-£,) 


Substituting  Eqs.  (8a)  and  (8b)  into  Eq.  (4),  the  coordinates  for  the  dividing 
streamlines  are  obtained  as  follows: 
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the  coordinates  of  the  stagnation  points  are 
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(10) 


The  calculated  values  of  the  rear  dividing  streamlines  for  elliptical 
airfoils  of  18-percent-thickness  ratio  (C^  =  1.0,  CL  =0  )  and  12-percent- 
thickness  ratio  (CL  =  0.75,  a  =  0)  are  shown  in  Figs.  3  and  4,  respectively. 
The  corresponding  experimental  data  for  airfoils  with  trailing  edge  jet  are 
also  shown.  The  agreement  between  the  calculated  values  and  the  measured 
data  is  considered  to  be  good. 


Equation  (5)  gives  the  velocity  distribution  in  the  potential  flow  of 
an  elliptical  airfoil  with  a  thin  flap  placed  along  the  calculated  rear  dividing 
streamline  extending  from  the  elliptical  airfoil's  surface  to  a  certain  point 
downstream.  It  is  assumed  that  there  is  no  separation  of  flow  in  the  bound¬ 
ary  layer.  These  velocity  distributions  are  shown  in  Fig.  5  for  an  elliptical 
airfoil  of  18-percent-thickness  ratio  (Cl  -  1.0,  0C  =  0  )  and  in  Fig.  6  for  an 
ellipse  of  1 2-percent -thickness  ratio  (Cl  =  °.  7  5,  <%  =  0  ). 


The  pressure  coefficient  for  an  incompressible  flow  is  given  by 


Cp 


(ID 


The  calculated  values  of  Cp  for  elliptical  airfoils  of  thickness  ratios  18  per¬ 
cent  (Cl  =  1.0)  and  12  percent  (Cl  =  0.75)  without  trailing  edge  jets  are 
shown  in  Figs.  7  and  8,  respectively. 


2.  2  ELLIPTICAL  AIRFOIL  WITH  TRAILING  ELGE  TET 

In  order  to  achieve  the  desired  lift  coefficient  for  the  elliptical  air¬ 
foil  discussed  in  Section  2.  1,  it  is  important  that  flow  separation  does  not 
occur  in  the  boundary  layer.  Hence  some  means  such  as  continuous  suction 
around  the  trailing  edge  of  the  elliptical  airfoil  must  be  applied  so  that  the 
airstream  can  flow  around  the  trailing  edge  and  flow  smoothly  off  the  end  of 
the  thin  flap.  In  this  way  the  circulation  necessary  to  create  lift  can  be 
achieved  with  the  airfoil  at  zero  angle  of  attack. 

If  a  jet  is  established  at  the  rear  stagnation  point  and  ejected  at 
high  velocity  along  the  rear  dividing  streamline,  the  additional  energy  im¬ 
parted  to  the  boundary  layer  may  overcome  the  wall  friction  and  prevent  flow 
separation.  Furthermore,  the  jet  may  produce  a  "supercirculation"  above  the 
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circulation  necessary  to  keep  the  flow  attached  if  the  momentum  of  the  jet  is 
sufficiently  large  and  separations  of  flow  do  not  occur. 

In  Reference  6,  an  approximate  method  for  calculating  the  pressure 
distribution  of  a  two-dimensional  airfoil  in  inviscid  incompressible  flow  with 
jet  issuing  from  the  lower  surface  near  the  trailing  edge  is  considered.  This 
method  assumes  first  a  symmetrical  chordwise  loading  fore  and  aft  of  the 
mid-chord  point,  and  then  a  third  chordwise  loading  is  added  in  order  to  sat¬ 
isfy  the  jet-induced  pressure  thrust  condition.  The  symmetrical  chordwise 
loading  consists  of  two  flat-plate  loadings  (  X  )  and  l2(x)  ,  one  producing 
a  uniform  upwash  and  the  other  a  uniform  downwash.  The  third  flat-plate 
loading  ^(x)  produces  a  uniform  downwash  which  compensates  for  the  up¬ 
wash  induced  on  the  surface  of  the  plate  by  the  jet.  This  asymmetric  chord - 
wise  loading  of  a  flat  plate  is  illustrated  in  Fig.  1  1. 


If  the  above-mentioned  flat-plate  solution  is  extended  to  an  airfoil 
of  nonzero  thickness,  then  the  pressure  distribution  along  the  surface  of  the 
thick  airfoil  can  be  determined.  According  to  the  method  given  in  Reference 
12,  the  pressure  coefficient  of  elliptical  airfoils  is  calculated  in  the  form 
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where  the  jet-induced  velocity  component  parallel  to  the  chord 
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Equation  (12)  may  be  used  to  calculate  the  pressure  distribution  for 
an  elliptical  airfoil  with  trailing  edge  jet  at  any  given  ,  provided  the  Cl 
and  Cj  relation  is  known.  For  a  thin  airfoil  (12.  5-percenf-thickness  ratio  P 
and  less),  the  relation  between  Cl  and  Cj  is  given  by  (Reference  9) 


cL 
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3.54  C j  2  -  0.675Cj  +  0. 156  C 02 . 


(13) 
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However,  for  the  elliptical  airfoil  of  18-percent-thickness  ratio,  the  above 
expression  does  not  give  accurate  results  and  approximate  estimation  of 
CLp  and  Cj  must  be  made. 

The  calculated  values  of  the  pressure  distributions  for  the  elliptical 
airfoil  of  18-percent-thickness  ratio  {C^  =  1.  0,  CL  -  0,  9  -  30°)  and  of  12- 
percent-thickness  ratio  (C^  =  0.  75,  OC  -  0,  6  -  40°)  are  shown  in  Figs.  9 
and  10,  respectively.  The  corresponding  values  of  the  measured  data  are 
also  indicated  in  the  respective  figures.  The  agreement  between  the  calcu¬ 
lated  pressure  distributions  and  the  test  data  is  fairly  good. 


2.  3  SEPARATION  PREDICTION  FOR  THE  ELLIPTICAL  AIRFOIL  WITH  AND 

WITHOUT  TRAILING  EDGE  TET 

The  main  difficulty  in  predicting  the  separation  point  of  the  laminar 
boundary  layer  lies  in  the  determination  of  the  pressure  distribution  for  a 
body.  This  pressure  is  not  known  a  priori  and  is  different  from  the  calcu¬ 
lated  value  based  on  potential  flow  theory.  The  discrepancy  is  evidenced 
by  a  comparison  of  the  measured  and  the  calculated  point  of  separation  of  a 
circular  cylinder.  Measurements  indicated  that  a  laminar  boundary  layer  on 
a  circular  cylinder  separates  at  81°  from  the  front  stagnation  point,  whereas 
the  von  Karman-Pohlhausen  method  (Reference  1  3) using  measured  pressure 
data  predicts  separation  at  82°.  However,  if  the  potential  pressure  distri¬ 
bution  is  used,  calculations  give  separation  at  110°  from  the  front  stagna¬ 
tion  point. 

Although  the  von  Karman-Pohlhausen  method  using  the  measured 
pressure  distribution  data  predicts  the  separation  on  a  cylinder,  it  fails  to 
give  the  point  of  separation  on  an  elliptical  cylinder.  It  appears  that  the 
von  Karman-Pohlhausen  approximate  method  is  satisfactory  for  flows  with 
decreasing  pressure  or  with  gradually  increasing  pressure  so  that  separation 
is  not  approached.  The  theory  breaks  dawn  in  the  neighborhood  of  a  separa¬ 
tion  point  and  fails  completely  to  give  the  correct  location  of  separation  un¬ 
less  the  pressure  rise  of  the  body  is  very  rapid,  as  in  the  case  of  flow  past 
a  circular  cylinder.  In  order  to  predict  the  separation  point,  more  accurately, 
several  exact  solutions  of  the  boundary  layer  equations  have  been  proposed 
(Reference  5  ).  The  analysis  based  either  on  series  solutions  or  on  finite- 
difference  solutions  of  the  boundary  layer  equations  is  too  cumbersome  for 
practical  applications. 

Recently  Curie  and  Skan  (Reference  1  )  developed  a  new,  approxi¬ 
mate  technique  for  separation-point  prediction  depending  heavily  on  empiri¬ 
cally  determined  coefficients.  This  simplified  expression  for  separation- 
point  prediction  for  the  two-dimensional  laminar  boundary  layer  is  given  by 
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where  ^  is  the  nondimensional  distance  along  the  wall  measured  from  the 
minimum  pressure  point  and 

Cp'  =  I  -  (tt-)2  (15) 

where  u  =  potential  flow  velocity  around  the  body 

U  max  =  maximum  potential  flow  velocity  (at  minimum  pressure 
point). 

The  calculated  location  of  the  separation  point  on  an  elliptical  cylinder  of 

c 

thickness  ratio  0.  388  from  Eq.  (14)  is  -2.  01, whereas  the  measured  loca¬ 
tion  by  Schubauer  (Reference  8)  is  =  1.  99.  Hence,  for  engineering  pur¬ 
poses,  separation  in  two-dimensional  flow  can  be  predicted  with  great  ease 
and  accuracy  by  Eq.  (14). 


a.  Separation  Prediction  for  the  Elliptical  Airfoil  Without  Trailing  Edge  let. 

As  mentioned  in  Section  2.  1,  a  desired  lift  can  be  produced  by  an 
elliptical  airfoil  at  zero  angle  of  attack  relative  to  the  incoming  flow  if  a 
thin  flap  is  placed  along  the  calculated  rear  dividing  streamline  extending 
from  the  elliptical  airfoil's  surface  to  a  certain  point  downstream.  The  above 
phenomenon  is  true  only  if  there  is  no  separation  of  flow  in  the  boundary 
layer.  Hence,  it  is  important  to  predict  the  location  of  separation  points  of 
this  airfoil. 

Based  on  the  velocity  distribution  (Fig.  5)  calculated  from  Eq.  (5) 
for  the  elliptical  airfoil  of  18-percent-thickness  ratio  (C^  =  1.0,  X  -  0, 

6  -  30°),  the  expression  for  C'  is  calculated  from  Eq.  (15)  as  follows: 


where 

C,  =  5.09645  ,  C2  =  -  7.36754  x  I02 

C3  =  5. 33436  x  lO*  ,  C4  =-  5.405827  x  I05  . 

Substituting  the  expression  for  Cp  [Eq.  ( 1  6) ]  and  the  derivative  of  Cp'  into 
Eq.  (14),  an  algebraic  equation  is  obtained  in  the  form 
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AI2  (  To)  +  A"  (  2a  )  + 


A3  (  -  1.04  x  I0'2.(17) 


The  solution  of  physical  significance  is  found  to  be 

*  I 

(la)  =  0.0179.  (18) 

Hence,  the  point  of  separation  for  the  elliptical  airfoil  of  18  percent 
(Cl  =  1.  0,  CL  =  0)  is 

(^)  =  1047  (19) 

measured  from  the  front  stagnation  point, whereas  the  rear  stagnation  point 
is 


1.074 


measured  from  the  front  stagnation  point. 


(20) 


Similarly,  the  expression  for  Cp'  as  calculated  from  the  velocity 
distribution  (Fig.  6)  for  the  elliptical  airfoil  of  12  percent  (Cj  =  0.  75,  CL-  0, 
G  -  40°)  is  obtained  as 


(21) 


where 

b,  =  1.69665  x  I02  , 
b3  =  1 .58277  x  I08  , 


b2  =  -2.74809  x  10  ’ 
b„  =  -  2.59204  x  I010. 


I 

With  this  expression  for  Cp  and  the  derivation  of  Cp,  Eq.  (14)  yields  a 
twelfth  degree  algebraic  equation  with  a  root 

(J^)  =  0.002l.  (22) 

Hence,  the  point  of  separation  for  the  12-percent  ellipse  (C^  =  0.  75,  0 C  =  0) 
is 

(^)  =  1.0313  (23) 
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measured  from  the  front  stagnation  point  ,  whereas  the  rear  stagnation  point 
is 

U)  =  1043  <24) 

measured  from  the  front  stagnation  point.  The  locations  of  the  separation 
points  for  the  elliptical  airfoils  of  18-percent-  and  12-percent-thickness 
ratios  are  shown  in  Figs.  12  and  13,  respectively. 


b.  Separation  Prediction  for  the  Elliptical  Airfoil  With  Trailing  Edge  Tet. 

If  a  jet  is  ejected  at  high  velocity  along  the  rear  dividing  stream¬ 
line,  an  additional  energy  will  be  supplied  to  the  boundary  layer;  hence, 
separation  of  the  flow  beyond  the  minimum  pressure  point  may  be  prevented. 
From  Fig.  9,  it  is  seen  that  the  minimum  pressure  point  of  the  elliptical  air¬ 
foil  of  18-percent-thickness  ratio  (Cl  =  1.  0,  CL  =  0,  6  -  30°)  is  indeed 
very  close  to  the  rear  stagnation  point  from  which  the  jet  is  issued.  For  this 
reason  it  is  unlikely  that  separation  of  flow  would  occur  in  this  case.  Using 
a  linear  approximation  of  the  Cp'  function,  it  is  found  that  the  point  of  sepa¬ 
ration  for  the  elliptical  airfoil  of  18  percent  (Cl  =  1-0,  6  -  30°)  occurs  at 

(  =  1.066  (25) 

measured  from  the  front  stagnation  point.  Since  the  location  of  the  jet  mea¬ 
sured  from  the  front  stagnation  point  is 

J-)  =  1.074  ,  (20) 

2a/ 

the  flow  separation  in  this  case  can  hardly  influence  the  flow  pattern. 

A  similar  conclusion  can  be  drawn  for  the  12-percent  elliptical  air¬ 
foil  (Cl  =  0.  75,  GL  =  0,  Q  -  40°),  where  the  point  of  separation  is  =1.035 

L  Q 

measured  from  the  front  stagnation  point.  The  corresponding  location  of  the 
jet  measured  from  the  front  stagnation  point  is  =  1.043. 

The  locations  of  the  separation  points  for  elliptical  airfoils  of  18- 
percent-  and  12-percent-thickness  ratio  with  trailing  jets  are  shown  in 
Figs.  12  and  13,  respectively. 
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3.  APPARATUS  AND  TESTS 


3.  1  THE  MODEL 


Based  on  the  theoretical  results  obtained  in  Section  2,  the  capac¬ 
ity  of  the  air  supply,  the  limitation  of  the  internal  pressure  of  the  model, 
and  the  limitation  due  to  the  compressibility  effect  of  the  jet  stream  at  high 
velocities,  the  elliptical  airfoil  of  18-percent-thickness  ratio  was  designed 
first  and  subsequently  the  12-percent  model.  According  to  the  model  geo¬ 
metrical  configuration, the  expression  for  Cj  is 

l35-7(lf  U6) 

for  the  18-percent  model  and 

co  ;  1216  (it)2  (i7) 

for  the  12-percent  model.  The  average  value  of  Q  corresponding  to  6-inch 
pressure  inside  the  model  is  2.  5  cubic  feet  per  second  for  18 -percent 
elliptical  airfoil  and  3.  37  cubic  i^et  per  second  for  12-percent  airfoil. 


According  to  Reference  9, the  total  lift  coefficient  at  oL  =  0  is 


c 


L 


2  k  Sin  0  yXlf  C 


2 

J 


X  X 

48  k2 


+  o(cf) 


(28) 


Based  on  the  Cj  values  calculated  from  Eqs.  (26)  and  (27), the  values  of  Cl 
can  be  approximately  estimated  for  both  models.  For  example,  Cj  =  0.  5, 
k  =  1.0  for  the  18-percent  model,  the  estimated  total  lift  coefficient  is 
Cl  =  1  -83, and  the  corresponding  test  result  gives  Cl  =  2.  05  (Fig.  27). 

The  first  model  tested  had  a  12-inch  chord  ar.d  a  36.  5 -inch  span. 

The  cross  section  was  elliptical,  with  a  maximum  thickness  of  18  percent  of 
the  chord  length.  As  seen  in  Fig.  14,  the  main  structural  member  was  a 
1-3/8-inch  outside  diameter,  round  steel  tube  which  also  supplied  the  air 
for  the  jet.  The  leading  and  trailing  edges  were  machined  from  cast-alumi¬ 
num  bar  stock  using  a  milling  cutter  ground  to  the  elliptical  contour.  This 
model  was  first  tested  with  a  solid  leading  edge  and  a  jet  blowing  in  the 
trailing  edge.  The  trailing  edge  was  constructed  of  two  pieces  (Fig.  15). 

The  jet  slot  configuration  was  machined  into  the  mating  surfaces,  after  which 
the  two  parts  were  joined  by  screws  and  then  machined  to  the  final  external 
contour.  This  trailing  edge  jet  slot  width  was  0.  019±0.  001  inch  wide,  at 


an  angle  of  30°  to  the  model  chord  plane.  Aluminum  ribs  and  skin  were  em¬ 
ployed.  Seventy-six  static  pressure  taps  were  installed  spanwise  along  the 
top  and  bottom  surfaces  at  the  50-percent  chord  line  and,  similarly,  47  taps 
in  the  chordwise  direction  in  the  mid-span  plane.  The  location  of  these 
taps  is  given  in  Fig.  16. 

The  blowing  air  entered  the  interior  of  the  model  through  1 1  pairs  of 
diametrically  opposed  slots  in  the  steel  support  tube.  The  slots  we*e  1/2- 
inch  wide  and  l/8-inch  high,  exhausting  in  the  chordwise  direction.  The 
support  tube  was  clamped  on  one  end  to  a  stand  outside  the  tunnel;  thus 
the  model  was  mounted  horizontally  in  the  test  section,  cantilevered  from 
one  end  (Fig.  17).  A  flexible  rubber  hose  was  used  to  connect  the  support 
tube  to  the  air  supply  piping.  The  connection  was  made  outboard  of  the 
cantilever  support  clamps,  so  that  forces  caused  by  piping  misalignment 
were  not  transmitted  to  the  model  itself. 

After  the  first  model  was  tested  with  the  trailing  edge  jet  only,  it 
was  dismantled  and  a  new  leading  edge  installed  having  a  slot  0.  030±0.  001 
inch  wide,  also  at  an  angle  of  30°  to  the  chord  plane.  A  multiple-gate  type 
valve  (Fig.  18)  was  also  installed  to  control  the  flow  to  the  forward  jet. 

The  second  model  (Fig.  19)  had  a  thickness  of  12  percent  of  the 
chord  length  and  was  34-1/2 -inches  long.  Construction  was  essentially 
the  same  as  described  above  excpet  that  space  limitations  required  the 
use  of  a  1 -inch-by-2-inch  rectangular  steel  support  tube.  This  model  had 
a  jet  slot  at  the  trailing  edge  only.  The  jet  was  0.  023+0.  00  1  inch  wide  and 
at  an  angle  of  40°  to  the  chord  plane.  The  location  of  the  pressure  orifices 
is  given  in  Fig.  20. 

3.  2  AUXILIARY  AIR  SUPPLY 

An  auxiliary  air  supply  was  used  to  provide  jet  blowing  of  the  mod¬ 
el.  The  main  compressed  air  supply  system  has  a  capability  of  furnishing 
approximately  0.  5  pound  per  second,  at  100  psig.  This  capability  was  sup¬ 
plemented  by  the  installation  of  storage  tanks  having  a  total  volume  of  200 
cubic  feet  (Fig.  21).  At  1 0 0  psig,  these  contained  approximately  100  pounds 
of  air  which  could  be  used  over  any  desired  time  interval.  The  air  was  rout¬ 
ed  to  the  tunnel  test  section  through  2-l/2-inch  pipe  containing  two  manu¬ 
ally  controlled  valves  and  an  orifice -plate  flowmeter.  A  thermometer  mount¬ 
ed  in  a  mercury-filled  well  was  used  to  measure  the  auxiliary  air  temperature 
as  it  entered  the  model.  Since  the  tunnel  static  pressure  was  constant  for 
all  tests,  the  mass  flow  rate  for  the  jet  blowing  of  the  model  was  determined 
by  the  static  pressure  inside  the  model.  The  orifice  meter  was  used  to  obtain 
a  correlation  between  mass  flow  rate  and  model  internal  pressure  for  each  jet 
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slot  configuration.  This  permitted  the  determination  of  flow  rates  from  the 
measured  model  pressure,  rather  than  using  the  more  cumbersome  orifice 
meter. 


In  order  to  determine  the  aerodynamic  response  of  the  model  to 
cyclic  changes  in  blowing,  a  series  of  dynamic  tests  were  made.  A  butter¬ 
fly-type  valve  was  installed  in  the  air  supply  tube  of  the  18 -percent -thick 
model.  The  butterfly  diameter  was  made  smaller  than  the  tube  inside  dia¬ 
meter  so  that,  when  the  butterfly  was  perpendicular  to  the  tube  axis,  the 
flow  rate  was  approximately  60  percent  of  the  equivalent  rate  without  the 
valve.  When  the  butterfly  was  parallel  to  the  tube  axis,  the  flow  reduction 
was  negligible.  The  valve  was  designed  so  that  it  could  be  continuously 
rotated  at  any  desired  rate  by  means  of  a  motor  connected  to  the  valve  shaft. 
The  rotating  valve  produced  a  pulsating  pressure  in  the  model  which  in  turn 
resulted  in  cyclic  flow  of  the  jet.  The  flow  cycle  was  that  of  a  sinusoidal 
wave. 


3.  3  WIND  TUNNEL 

The  tests  were  conducted  in  the  subsonic  wind  tunnel  of  the  Depart¬ 
ment  of  Aerospace  Engineering.  The  tunnel  is  of  the  continuous-flow,  closed- 
circuit  type,  capable  of  a  maximum  velocity  of  17  5  feet  per  second.  The 
closed  test  section  is  38  inches  long,  and  all  four  walls  diverge  to  compen¬ 
sate  for  boundary  layer  thickening.  The  entrance  is  approximately  22  inches 
high  and  36  inches  wide;  the  exit  is  16  inches  by  39  inches.  The  test  sec¬ 
tion  static  pressure  is  essentially  atmospheric  for  all  tests. 

3.  4  INSTRUMENTATION 

a.  Force  Measurements. 

The  model  was  mounted  as  a  cantilevered  beam  by  clamping  the 
support  tube  to  a  stand  fixed  to  the  building  floor.  Strain  gages  were  mount¬ 
ed  on  the  tube  between  the  clamps  and  the  tunnel  wall;  three  bridges  were 
installed,  Ciiented  to  measure  lift,  drag  and  pitching  moment  (Fig.  22).  The 
outputs  were  manually  recorded  using  SR-4  strain  indicators.  The  pitching 
moments  proved  to  be  too  small  to  measure  with  reasonable  accuracy. 

A  14-channel  Midwestern  Instrument  621  oscillograph  was  used 
to  record  the  model  forces  for  the  dynamic  tests  during  which  the  blowing 
rate  was  varied.  The  output  of  the  strain  gage  bridges  was  too  low  to  permit 
recording  on  the  oscillograph;  hence, linear  variable  differential  transformers 
were  mounted  at  the  free  end  of  the  model  to  measure  the  deflections  due  to 
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lift  and  drag.  A  calibration  between  the  forces  and  resulting  deflections 
was  made  using  dead  weights  and  pulleys. 


b.  Pressure  Measurements. 


The  steady-state  pressure  measurements  were  made  using  multiple- 
tube  manometer  boards  filled  with  oil  at  0.  9  specific  gravity.  The  manom¬ 
eter  readings  were  manually  recorded. 

The  measurement  of  the  model  surface  static  pressures  during  the 
dynamic  tests  was  made  using  five  Pace  Model  P7D-±  1.  0  psig  variable- 
reluctance  type  pressure  transducers.  These  were  mounted  ou*'  de  the  wind- 
tunnel  wall  and  connected  to  various  chordwise  pressure  orific  as  using  plas¬ 
tic  tubing  installed  inside  the  12-percent-thickness  ratio  mode1.  One  trans¬ 
ducer  was  connected  to  measure  the  model  internal  (blowing)  pressure.  The 
transducer  output  was  rectified  and  recorded  on  an  oscillograph.  The  trans¬ 
ducers  were  selected  because  of  their  low  internal  volume  and  high  natural 
frequency. 
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4.  EXPERIMENTAL  RESULTS 


4.  1  THE  IET  EFFLUX  CALIBRATION 

In  Section  3.  2  the  air  supply  system  has  been  described  in  detail. 
The  air  was  taken  from  supply  tanks  to  the  model  through  a  2-1/2 -inch 
pipe.  The  mass  flow  rate  across  the  trailing  edge  slot  was  determined  by  an 
orifice  meter  installed  inside  the  supply  pipe.  Simultaneously. the  model 
plenum  pressure  was  recorded  corresponding  to  the  inches  of  mercury  pres¬ 
sure  across  the  orifice  plate  of  the  flow  meter.  The  volume  flow  rates,  cubic 
feet  per  second  (mass  flow  for  incompressible  fluid),  across  the  trailing  edge 
slot  were  calibrated  for  the  complete  range  of  wind  tunnel  velocities  (1.  53  x 
105  Re  ^  ?.  2x  10^), and  the  results  are  plotted  versus  the  model  plenum 
pressure  (inches  of  mercury  absolute).  These  calibration  curves  a.e  given 
in  Fig.  23  for  the  elliptical  airfoil  of  18-percent-thickness  ratio  and  in  Fig. 

24  for  the  elliptical  airfoil  of  12-percent-thickness  ratio.  It  is  seen  from 
the  above  figures  that  the  volume  flow  rate  (or  jet  velocity)  across  the  slot 
versus  the  model  plenum  pressure  is  independent  of  the  wind  tunnel  velocity. 

4.  2  SHAPE  OF  THE  TET 

The  angles  of  the  jet  deflection  for  both  of  the  elliptical  airfoil 
models  (18-percent-  and  12-percent-thickness  ratios)  were  first  checked  by 
setting  the  models  at  inclination  angles  of  -30°  and  -40°,  respectively.  The 
ejection  stream  of  the  jets  in  each  case  was  surveyed  with  Pitot  tube,  and  the 
jet  stream  for  each  model  was  found  to  be  very  nearly  horizontal. 

Measurements  of  the  shape  of  the  jet  were  made  at  six  stations  be¬ 
hind  the  trailing  edge  jet  slot.  The  location  of  the  first  station  is  l/3  inch 
behind  the  slot  and  the  last  station  is  20-1/3  inches  behind  the  slot.  Pitot 
tubes  were  carefully  aligned  in  order  to  locate  the  position  of  maximum  total 
pressure  in  any  one  plane.  Experiments  were  made  using  both  models  at 
three  different  wind  tunnel  velocities  and  three  different  mass-flow  rates  of 
the  jet. 


The  results  of  the  above  described  data  were  reduced  to  the  single 
parameter  Cj,  jet  coefficient.  Figure  25  illustrates  the  path  of  the  jet  for 
the  elliptical  airfoil  of  18-percent-thickness  ratio  at  three  values  of  Cj ,  and 
the  corresponding  results  for  the  elliptical  airfoil  of  12  percent  are  shown  in 
Fig.  26.  The  measured  path  of  the  jet  is  compared  with  the  corresponding 
calculated  values  of  the  dividing  streamline.  The  theoretical  and  experi¬ 
mental  results  for  both  models  are  shown  in  Fig.  3  for  the  elliptical  airfoil 
of  18 -percent-thickness  ratio  and  in  Fig.  4  for  the  1  2-percent -thickness  ratio. 
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In  each  case  the  agreement  is  reasonably  good. 


4.  3  ELLIPTICAL  AIRFOIL  WITH  TRAILING  EDGE  TET 

a .  Lift  at  Zero  Angle  of  Attack 

The  lift  forces  (forces  in  a  direction  perpendicular  to  the  air  stream) 
were  measured  for  both  models  at  various  wind  tunnel  velocities  (1.5x10^  <. 
Re  ^  9x  10  )  and  trailing  edge  jet  velocities.  The  data  were  reduced  to 
coefficient  forms  and  plotted  as  total  lift  coefficient  versus  jet  coefficient. 

In  Fig.  27  the  total  lift  coefficient  Cl  is  shown  as  a  function  of  the  jet 
coefficient  Cj  for  the  elliptical  airfoil  of  18-percent-thickness  ratio.  It  is 
seen  that  maximum  Cl  -  3.  45  was  obtained  at  Cj  =  1.  32. 

The  pressure  lift  coefficient  CLp  is  defined  as 

CL  =  CLP  +  Cj  Sin (9,  <29 > 

and  the  curve  of  Clp  against  Cj  as  calculated  from  Eq.  (29)  is  also  shown  in 
Fig.  27.  The  values  of  the  pressure  lift  coefficient  C^p  are  also  calculated 
from  the  measured  static  pressure  on  the  surface  of  the  model  (see  Section 
4.  3c).and  these  values  are  shown  in  Fig.  27.  These  measured  values  of  Clp 
agree  very  well  with  those  obtained  from  Eq.  (29). 

Similarly,  the  total  lift  coefficient  versus  the  jet  coefficient  for  the 
elliptical  airfoil  of  12-percent-thickness  ratio  is  shown  in  Fig.  28.  The 
values  of  the  pressure  lift  coefficient  are  obtained  both  from  Eq.  (29)  and 
from  the  measured  static  pressure;  they  are  also  shown  in  Fig.  28  with  very 
good  agreement. 

b.  Lift  at  Small  Angles  of  Attack 

The  total  lift  coefficient  for  the  elliotTcal  airfoil  of  1.8-percent- 
thickness  ratio  was  measured  at  several  angleb  of  attack.  The  total  lift 
coefficient  versus  the  jet  coefficient  at  various  anglesof  attack  is  shown  in 
Fig.  29.  Curves  of  the  total  lift  coefficient  versus  the  angle  of  attack  with 
jet  coefficient  as  a  parameter  are  shown  in  Fig.  30. 

With  the  jet  coefficient  Cj  <  1.0,  the  total  lif+  coefficient  at  small 
angles  of  attack  (  CL  <  5°)  can  be  expressed  by  the  following  equation  (see 
Reference  9}* 
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As  a  typical  example,  when  Ct  =  0.  4  and  &  =  4°,  the  calculated  value  of 
from  Eq.  (30)  is  =  2.  57  ana  the  corresponding  measured  value  is  = 
2.  45.  The  difference  between  the  calculated  and  experimental  values  is 
within  5  percent. 

acL 


From  Fig.  30  it  may  be  seen  that  the  stalling  point, 
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oc¬ 
curs  at  an  angle  of  attack  of  5U  for  Cj  =  1 .  2;  however,  it  may  also  be  noted 
that  the  stalling  point  occurs  at  higher  angles  of  attack  as  the  value  of  Cj 
decreases.  The  decrease  of  Cl  after  the  stalling  point  for  the  elliptical  air¬ 
foil  with  trailing  edge  jet  is  rather  gradual  in  contrast  to  the  sharp  drop  of 
Cl  for  the  conventional  airfoil. 


c .  Pressure  Distribut ions 


In  Section  3.  1  it  was  mentioned  that  47  flush  orifices  in  the  chord- 
wise  direction  along  the  mid-span  plane  and  76  orifices  in  spanwise  direc¬ 
tion  along  the  top  and  bottom  surfaces  at  the  mid-chord  line  were  installed 
for  both  models.  The  results  of  the  tests  show  that  the  spanwise  pressure 
distribution  for  each  of  the  models  is  very  nearly  constant  .which  can  be 
seen  from  Figs.  31  and  32  for  the  elliptical  airfoils  of  18-percent-thickness 
ratio  and  1  2-percent -thickness  ratio,  respectively. 

A  series  of  typical  pressure  distribution  curves  in  the  chordwise 
direction  for  the  elliptical  airfoil  of  18 -percent-thickness  ratio  is  given  in 
Figs.  33  (a)  through  33  (1).  In  Figs.  33  (d),  (f),  (j)  and  (k),the  calculated 
pressure  distributions  from  Eq.  (12)  are  shown  to  be  in  good  agreement  with 
the  measured  values.  The  integration  of  the  static  pressures  over  the  chord 
gives  the  pressure  lift  force  per  unit  span.  The  results  of  the  integration  of 
the  pressure  distribution  curves,  after  reducing  to  pressure  lift  coefficient, 
CLp>  are  shown  in  Fig.  27.  The  agreement  between  the  results  of  Clp  from 
the  pressure  measurement  and  those  from  direct  total  lift  measurement  [see 
Eq.  (29)]  is  considered  to  be  good. 

Similarity,  a  selection  of  pressure  distribution  curves  in  the  chord- 
wise  directio-  for  the  elliptical  airfoil  of  12-percent-thickness  ratio  is  given 
in  Figs.  34  (a)  through  34  (g).  Two  measured  pressure  distributions  are  com- 
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pared  with  the  corresponding  theoretically  calculated  values.  The  compari¬ 
sons  of  these  two  sets  of  values  for  pressure  distributions  are  shown  in 
Figs.  34  (a)  and  10,  and  they  are  considered  to  be  in  reasonably  good  agree¬ 
ment. 


The  pressure  lift  coefficient  CLp  reduced  from  the  pressure  mea¬ 
surements  is  shown  in  Fig.  28;  it  agrees  reasonably  well  with  the  corre¬ 
sponding  values  obtained  from  the  measurements  of  total  lift  force. 

d.  The  Drag 

According  to  thrust  hypotheses  (Reference  2  )  for  an  idealized  jet 
flap  system,  the  total  thrust  experienced  by  the  airfoil  model  is  equal  to  the 
total  jet  reaction  disregarding  the  angle  of  deflection  of  the  jet.  This  hy¬ 
pothesis  is  based  on  the  assumptions  that  no  mixing  occurs  between  the 
main  stream  and  the  jet  and  that  no  separations  of  flow  appear. 

Actually,  however,  the  measured  thrust  (negative  drag)  is  less  than 
the  ideal  system  predicted.  This  discrepancy  occurs  since  there  is  a  loss  m 
the  mixing  process  between  the  main  stream  and  the  jet  sheet  as  well  as  the 
existence  of  frictional  drag.  The  measured  thrust  reduced  to  the  form  Cd/Cj 
is  plotted  against  Cj,  and  these  results  are  shown  in  Fig.  35  for  the  ellipti¬ 
cal  airfoil  of  18-percent-thickness  ratio  and  in  Fig.  36  for  the  12-percent 
model.  Since  in  actual  practice  the  hot  jet  may  be  used,  further  careful 
investigation  of  this  problem  will  be  required. 

e.  The  Pitching  Moment 


The  pitching  moment  on  the  elliptical  airfoil  was  found  by  the  com¬ 
bination  of  the  results  of  a  graphical  integration  of  the  moment  of  area  of  the 
pressure  distribution  curve  about  the  mid -chord  point  with  the  moment  due  to 
the  jet  reaction.  The  position  of  the  center  of  lift  can  be  obtained  from  the 
pitching  moment  and  lift  coefficient  data.  Figures  37  and  38  show  the  vari¬ 
ation  of  the  pitching  moment  coefficient  Cm  with  total  lift  coefficient  Cl  for 
the  models  of  18-percent-  and  12-percent-thickness  ratios,  respectively. 

According  to  the  experimental  data  (Figs.  37  and  38)  the  pitching 
moment  coefficient  can  be  expressed  as  a  function  of  Cl  and  Cj  in  the  fol¬ 
lowing  form  (Reference  3  ); 

r  i 

Cm  =  ^  -  7C/  (  CL  +  2TT)  (32) 

where  7  is  a  constant  depending  on  the  airtoil  geometry  and  the  jet  angle. 

For  the  elliptical  airfoil  of  18-percent-thickness  ratio  (6  -  30°), the  values 
of  7f  are  in  the  range  of  0.  08  to  0.  107  for  0.  06  ^  Cj  ^  0.  65;  and  for  the  12- 
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percent  model  (  d  -  40°), the  values  of  7f  are  between  0.  105  to  0.  12  for 
0.  05  ^  Cj  ^  0.  40. 


4.  4  ELLIPTICAL  AIRFOIL  WITH  BOTH  DUAL  TETS  AND  SINGLE  LEADING 

EDGE  TET 

a .  Dual  Tcts 

In  Section  2.  l,an  elliptical  airfoil  moving  through  a  stationary 
fluid  at  a  zero  angle  of  attack  was  discussed.  If  the  potential  flow  is  cal¬ 
culated  about  an  elliptical  airfoil  corresponding  to  an  arbitrary  circulation, 
the  two  symmetrical  dividing  streamlines  (or  zero  s,y‘eamline)  are  known  and 
a  certain  lift  is  obtained.  If  either  a  thin  flap  of  short  length  or  a  jet  stream 
should  be  placed  along  the  calculated  rear  dividing  streamline  corresponding 
to  a  specified  circulation,  approximately  the  same  lift  would  be  produced  on 
the  elliptical  airfoil. 

If  a  second  thin  flap  of  short  length  should  be  placed  along  the 
calculated  leading  edge  dividing  streamline  (zero  streamline),  theoretically 
the  flow  would  not  be  altered  and  the  same  lift  would  be  produced  as  in  the 
Case  of  a  rear  thin  flap.  This  occurs  because  there  is  no  flow  across  the 
thin  flaps  located  at  the  front  and  the  rear  of  the  elliptical  airfoil. 

Let  us  now  suppose  that  the  two  thin  flaps  be  replaced  by  two  jet 
streams  ejecting  outward  along  the  two  dividing  streamlines  and  let  us  ex¬ 
amine  the  results.  This  exploratory  experiment  was  performed  on  the  ellip¬ 
tical  airfoil  of  18 -percent-thickness  ratio  with  dual  symmetrical  jets  (Fig. 

39).  However,  the  leading  edge  slot  is  0.  010  inch  larger  than  the  trailing 
edge  slot.  The  tests  were  made  (Re  =  5.  5  x  10^)  by  varying  the  mass  flow  of 
the  leading  edge  jet  while  the  mass  flow  of  the  trailing  edge  jet  was  main¬ 
tained  constant.  The  results  of  this  est  are  presented  in  Fig.  40  and  show 
the  variation  of  the  t^tal  lift  coefficient  as  a  function  of  the  ratio  of  the 
leading  edge  Cj  to  the  trailing  edge  Cj,  (Cj)p/(Cj)p.  For  (Cj)p/(Cj)p  =  0,  the 
total  lift  coefficient  is  equal  to  the  case  of  airfoil  with  trailing  edge  jet  only. 
As  the  mass  flow  of  the  leading  edge  jet  increases  from  the  zero  value,  the 
total  lift  increases  gradually.  This  increase  of  total  lift  is  equivalent  to  the 
reaction  resulting  from  the  Font  jet.  It  is  very  interesting  to  note  that  even 
though  the  mass  flow  of  the  leading  edge  jet  exceeds  that  of  the  rear  jet  by 
50  percent, the  total  lift  still  remains  above  its  original  value  when  (Cj)p  =  0. 

The  important  application  of  the  elliptical  airfoil  (or  any  oval  airfoil) 
with  dual  jets  to  the  retreating  blade  of  a  rotor  is  evident.  At  high  trans- 
'  erse  speeds  of  a  rotor,  a  sizable  portion  of  the  retreating  blade  experiences 
a  reversal  of  relative  airflow.  This  produces  a  condition  of  no  lift  or  even 
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a  negative  lift  on  a  conventional  airfoil  with  positive  angle  of  attack.  If  the 
elliptical  airfoil  with  dual  jets  is  used  for  the  blade,  the  loss  of  lift  in  the 
reverse  flow  region  which  is  experienced  in  present  -day  rotor  systems  can  be 
completely  eliminated.  It  is  well  to  note  that  this  condition  for  the  conven¬ 
tional  rotor  system  is  aggravated  with  an  increase  in  helicopter  speed. 

b.  Leading  Edge  let 

According  to  the  discussion  presented  in  the  early  part  of  Section 
4.  4  (a),  a  desired  lift  can  also  be  maintained  if  the  front  dividing  stream¬ 
line  is  established.  With  this  in  mind, a  single  leading  jet  was  spaced  along 
the  front  dividing  streamline.  The  results  of  this  test  show  that  separation 
of  flow  occurs  near  the  trailing  edg  of  the  airfoil.  This  evidently  was  the 
cause  of  the  sharp  drop  of  the  value  of  lift  in  comparison  with  that  of  the 
trailing  edge  jet  results.  These  results  are  presented  by  the  Cl  versus  Cj 
curve  shown  in  Fig.  41. 

It  is  believed  that  one  of  the  least  difficult  means  of  preventing 
separation  of  flow  is  the  blowing  of  air  through  a  slot.  This  scheme  has 
suggested  that  an  elliptical  airfoil  with  dual  jets  would  be  the  simplest 
means  of  maintaining  a  desired  lift  regardless  of  whether  the  flow  initially 
passes  the  leading  edge  or  the  trailing  edge  of  an  airfoil. 

4.  5  AERODYNAMIC  RESPONSE  QF  THE  MODEL  IQ  ..CYCLIC  CHANGE  OF 

TET 

In  a  conventional  type  of  helicopter  rotor, the  control  of  the  lift 
coefficient,  C^, must  be  effected  by  a  change  in  incidence  or  angle  of  attack 
of  the  airfoil.  The  circulation  created  in  this  case  is  the  result  of  the  Kutta 
flow  condition  at  the  sharp  trailing  edge.  In  the  present  study,  it  is  indi¬ 
cated  that  the  value  of  Cl  can  be  controlled  by  simply  varying  mass  flow 
of  the  jet.  Hence,  experiments  were  made  to  examine  the  aerodynamic 
response  of  the  elliptical  airfoil  model  of  18-percent -thickness  ratio  to  a 
cyclic  change  in  the  jet  mass  flow. 

In  the  experiments,  the  cyclic  change  in  mass  flow  was  accomplished 
by  the  use  of  a  rotating  butterfly  valve  which  partially  interrupted  the  flow 
into  the  model  proper.  The  cycling  of  the  jet  at  any  specified  frequency  was 
achieved  by  controlling  the  rotational  speed  of  the  valve.  During  the  test, 
the  cyclic  pressure  inside  the  model  and  the  corresponding  cyclically  varying 
normal  and  axial  forces  were  measured.  The  instrumentation  for  these  mea¬ 
surements  was  discussed  in  Section  3.  4. 

During  the  tests  .three  rotational  speeds  of  the  valve  were  made, 
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namely, 360  r.  p.  m,  210  r.  p.  m.,  and  160  r.  p.  m.  These  valve  speeds  cor¬ 
respond  to  jet  mass  flow  variations  of  12,  7, and  5  cycles  per  second,  res¬ 
pectively.  A  typical  four  cycles  of  pulsating  lift  and  the  pressure  inside 
the  model  were  obtained  from  the  testing  resuits  for  valve  speed  at  360 
r.  p.  m.  These  results  are  plotted  in  Fig.  42  as  a  function  of  time.  It  is 
very  interesting  to  note  that  the  pulsating  lift  is  almost  completely  in  phase 
with  the  pulsating  pressure  inside  the  model;  hence,  there  exists  a  negli¬ 
gible  delay  in  the  system  of  pulsating  supply  pressure,  pulsating  jet  mass 
flow, and  lift. 

Figure  43  is  a  plot  of  the  pulsating  lift  coefficient  ratio  versus  the 
pulsating  jet  coefficient  ratio  for  two  different  Reynolds  numbers.  The 
typical  two  cycles  of  pulsating  lift  coefficient  (measured  at  two  different 
Reynolds  numbers)  shown  are  very  close. 

Finally,  the  results  of  the  lift  response  of  the  airfoil  model  to 
cyclic  changes  in  jet  mass  flow  are  reudced  to  the  form  of  nondimensional 
coefficients,  versus  Cj.  The  pulsating  Cl  versus  the  pulsating  Cj  is 
shown  in  Figs.  44  through  47  for  valve  speeds  at  386  r.  p.  m.  ,  360  r.  p.  m.  , 
210  r.  p.  m.  ,  and  150  r.  p.  m.  ,  respectively. 

The  results  of  these  tests  clearly  indicate  that  the  periodic  varia¬ 
tion  of  lift  on  the  airfoil  can  be  fulfilled  by  cyclic  variation  of  the  jet 
momentum;  hence,  the  lift  control  problem  reduces  to  simply  the  problem  of 
pressure  control  inside  the  model. 

A  typical  two  cycles  of  pulsating  drag  and  the  pulsating  pressure 
inside  the  model  were  obtained  from  the  test  results  for  valve  speed  at 
215  r.  p.  m.  The  results  are  plotted  in  Fig.  48  as  a  function  of  time.  On 
account  of  the  inaccuracy  cf  the  drag  measurement  (see  Section  4.  3c), the 
pulsating  drag  shows  a  slight  phase  lag  with  respect  to  the  pulsating  pres¬ 
sure  inside  the  model. 

The  result  of  the  drag  response  of  the  airfoil  model  to  cyclic 
change  in  jet  mass  flow  is  reduced  to  the  form  of  nondimensional  coeffi¬ 
cient  Cq  versus  Cj.  The  pulsating  drag  coefficient  ratio  versus  the  pul¬ 
sating  jet  coefficient  ratio  is  shown  in  Fig.  49,  and  the  pulsating  Cq  ver¬ 
sus  the  pulsating  Cj  is  shown  in  Fig.  50  for  valve  speed  at  215  r.  p.  m. 

4.  6  RESPONSE  OF  CHORDWISE  PRESSURE  OF  THE  MODEL  TO  CYCLIC 

CHANGE  OF  TET 

Experiments  were  made  to  examine  the  response  of  the  chordwise 
static  pressure  of  the  elliptical  airfoil  model  of  12-percent-thickness  ratio 
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to  a  cyclic  change  in  the  mass  flow.  As  mentioned  in  Section  4.  5  .the  cyclic 
change  in  mass  flow  was  accomplished  by  the  use  of  a  rotating  butterfly 
valve  which  reduced  the  flow  into  the  model  proper.  At  the  fully  closed 
position  of  the  valve,  the  mass  flow  was  reduced  to  one-tenth  of  its  maxi¬ 
mum  value  (valve  at  wide-open  position).  The  instrumentation  for  these 
measurements  was  discussed  in  Section  3.  4b. 

During  the  tests, two  rotational  speeds  of  the  valve  were  used, 
namely.  300  r.  p.  m.  and  150  r.  p.  m.  These  valve  speeds  correspond  to  the 
jet  mass  flow  variation  of  10  and  5  cycles  per  second.  Among  the  data 
obtained  for  the  cyclic  chordwise  pressure  of  the  model,  the  results  of 
eight  stations,  namely,  stations  8,  11,  1 6,  19,  21,  22,  53,  and  55  (see 
Fig.  20), are  presented.  A  typical  seven  cycles  of  pulsating  static  pressure 
and  the  pressure  inside  the  model  were  obtained  for  valve  speeds  at  300 
r.  p.  m.  and  150  r.  p.  m.  These  results  are  plotted  in  Fig.  51  for  valve 
speeds  at  300  r.  p.  m.  and  in  Fig.  52  for  150  r.  p.  m.  as  a  function  of  time. 

It  is  noted  that  there  is  a  time  lag  of  about  one-fortieth  of  a  second  be¬ 
tween  the  pulsating  static  pressure  and  the  pressure  inside  the  model  for 
both  cases.  The  time  lag  between  the  pulsating  static  pressure  and  the 
pressure  inside  the  model  is  attributed  to  the  effects  of  the  tubing  between 
the  static  pressure  orifices  and  the  pressure  transducers. 

Figures  53  through  55  are  piots  of  the  pulsating  pressure  coeffi¬ 
cient  ratio  versus  the  pulsating  jet  coefficient  ratio  for  valve  speed  at 
300  r.  p.  m.  The  pulsating  pressure  coefficient  ratio  versus  the  pulsating 
jet  coefficient  ratio  for  valve  speed  at  150  r.p.m.  is  shown  in  Fig.  56. 

The  results  of  the  static  pressure  response  of  the  airfoil  model  to 
cyclic  changes  in  jet  mass  are  reduced  to  the  form  of  nondimensional  coef¬ 
ficients,  Cp  versus  Cj.  The  pulsating  Cp  versus  the  pulsating  Cj  are 
shown  in  Figs.  57  through  60  for  valve  speed  at  360  r.  p.  m.  and  in  Fig.  6l 
for  150  r.  p.  m.  The  results  of  these  tests  indicate  that  not  only  do  the 
periodic  variations  of  the  static  pressure  follow  the  cyclic  variation  of  the 
jet  momentum, but  they  also  form  a  linear  relr+ionship. 
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CONCLUSIONS 


Experimental  results  obtained  for  elliptical  airfoils  of  both  IB- 
percent-  and  12-percent-thickness  ratio  with  trailing  edge  jets  are  in  good 
agreement  with  available  theories.  Lift  forces  determined  from  electric 
strain-gage  data  agree  very  well  with  those  obtained  from  steady-state 
pressure  measurements.  The  measured  drag  data  are  reasonable  but  pos¬ 
sess  more  scatter  than  is  desirable;  hence,  further  refinement  in  the  drag 
fore0  measurement  is  needed.  The  pitching  moments  calculated  from  the 
presoure  data  are  reasonable  and  agree  well  with  the  semiempirical  expres¬ 
sion  previously  determined. 

Most  encouraging  results  were  obtained  from  an  experiment  per¬ 
formed  on  the  elliptical  airfoil  of  18-percent-thickness  ratio  with  dual 
symmetrical  jets.  These  results  indicate  that  the  leading  edge  jet  does  not 
disturb  the  flow  and  actually  furnishes  some  additional  reaction  force  to 
the  lift.  Hence,  the  important  application  of  the  elliptical  airfoil  (or  oval 
airfoii)  with  dual  jets  to  the  retreating  blade  of  a  helicopter  rotor  is  evi¬ 
dent. 


Furthermore,  the  results  of  aerodynamic  response  measurements 
of  the  model  to  cyclic  changes  in  the  blowing  jet  are  surprisingly  encour¬ 
aging.  The  cyclic  valve  was  tested  at  frequencies  equivalent  to  twice  that 
of  the  rotational  speed  of  a  conventional  helicopter  blade; and  the  response 
of  the  lift  was  found  to  be  excellent  with  negligible  delay.  The  response  of 
the  drag  as  well  as  the  chordwise  pressure  distribution  to  the  cyclic  changes 
in  the  blowing  jet  were  also  found  to  be  very  good.  These  results  clearly 
indicate  that  the  periodic  variation  of  lift  on  the  airfoil  can  be  fulfilled  by 
cyclic  variation  of  the  jet  momentum;  hence,  the  circulation  control  problem 
is  reduced  to  simply  the  problem  of  pressure  control  inside  the  model. 
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RECOMMENDATIONS 


The  foregoing  test  results  ere  very  encouraging,  since  they  permit 
the  conclusion  that  the  use  of  the  elliptical  airfoil  (or  oval  airfoil)  with 
dual  jets  on  a  helicopter  would  make  possible  substantial  improvements  in 
overall  performance.  The  performance  characteristics  showing  the  atest 
improvement  include  a  much  higher  forward  flight  speed,  a  high  ite  of 
climb,  greater  simplicity  in  rotor  construction,  a  more  rigid  ,  and  a 
significant  increase  in  the  useful  load-lifting  capacity.  1  i  \/TOL,  this 
system  would  enable  the  rotor  to  experience  an  advance  itio  from  zero  to 
infinity. 


It  is  recommended  that  an  accelerated  unfied  program  for 
further  research  and  development  be  institut  >  trout  delay  to  obtain 
complete  information  on  this  system.  Th<  nmouiate  program  should  be 
directed  toward  obtaining  two-dimensio  data  at  high  subsonic  speeds 
approaching  the  transonic  range  and  the  static-thrust  investigation  of 
this  rotor  system.  Future  programs  should  include  a  study  of  the  problems 
expected  when  this  system  is  applied  to  the  actual  design  of  a  prototype 
helicopter. 
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FIG.  2.  LENGTH  OF  THE  ARC  OF  ELLIPSE. 
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The  Jet  Path 

Tunnel  Velocity  =  50  FPS 
0  -  PM  =  3";  Cl  =  1.  105;  Cj  =  0.  1342 

O  -  PM  =  5";  CL  =  1.  640;  Cj  =  0.  1849 

7  -  PM  =  7";  CL  =  2.  000;  Cj  =  0.  3522 


Inches 


FIG.  3.  DIVIDING  STREAMLINE  AND  JET  PAT’  FOR  ELLIPTICAL 
AIRFOIL  OF  18-PERCENT-THICKNESS  RATIO. 
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o  -  pm  =  9"; 

CL  =  0.  923;  Cj  =  0.  2079 
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FIG.  4.  DIVIDING  STREAMLINE  AND  JET  PATH  FOR  ELLIPTICAL 
AIRFOIL  OF  12-PERCENT-THICKNESS  RATIO. 
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THICKNESS  RATIO  WITH  TRAILING  EDGE  JET 
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FIG.  12.  LOCATION  OF  POINTS  OF  SEPARATION  FOR  ELLIPTICAL 
AIRFOIL  OF  18-PERCENT-THICKNESS  RATIO  WITH 
AND  WITHOUT  TRAILING  EDGE  JET. 


FIG.  13.  LOCATION  OF  POINTS  OF  SEPARATION  FOR  ELLIPTICAL 
AIRFOIL  OF  1  2 -PERCE  NT -THICKNESS  RATIO  WITH  AND 
WITHOUT  TRAILING  EDGE  JET. 
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FIG.  15.  JET  SLOT  CONFIGURATION  FOR  THE  18-PERCENT  MODEL 


FIG.  16.  SECTION  OF  MODEL  SHOWING  LOCATIONS  OF  THE  STATIC  PRESSURE  TAPS  (18-PERCENT -THICKNESS  RATIO) 


FIG.  18.  MULTIPLE-GATE  TYPE  VALVE  FOR  CONTROLLING 
THE  FRONT  JET  OF  18 -PERCENT  MODEL. 
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FIG.  19.  THE  MODEL  EXTERIOR  SHOWING  THE  PRESSURE  TAPS. 
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Pm  (in.  Hg.  abs.  ) 

FIG.  23.  VOLUME  FLOW  RATE  VERSUS  THE  PLENUM  PRESSURE 
OF  THE  MODEL  (18-PERCENT  MODEL). 


Pm  (in.  Hg.  abs.  ) 

FIG.  24.  VOLUME  FLOW  RATE  VERSUS  THE  PLENUM  PRESSURE 
OF  THE  MODEL  (12-PERCENT  MODEL). 


43 


□  Cj  =  o.  0676 


O  Cj  =  0.  1  342 
V  Cj  =  0.  3622 

Inches 


FIG.  25.  JET  PATH  FOR  THE  ELLIPTICAL  AIRFOIL  OF  1  8-PERCENT  - 
THICKNESS  RATIO  (  9  =  30°,  or  =  0  ). 


O  Cj  =  0.  2858 

A  Cj  =  0.  4524 
O  Cj  =  0.  8290 


Inches 


8 

FIG.  26.  JET  PATH  FOR  THE  ELLIPTICAL  AIRFOIL  OF  12-PERCENT- 
THICKNESS  RATIO  (  0  =  40°,  a  =  0  ). 
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18-PERCENT -THICKNESS  RATIO  (  0  =  30 


THICKNESS  RATIO  (0  =  40 
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FIG.  31.  PRESSURE  DISTRIBUTION  IN  THE  SPANWISE  DIRECTION 
FOR  THE  ELLIPTICAL  AIRFOIL  OF 
18-PERCENT -THICKNESS  RATIO  (Cj  =  0.  154). 
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FIG.  32.  PRESSURE  DISTRIBUTION  IN  THE  SPANWISE  DIRECTION 
FOR  THE  ELLIPTICAL  AIRFOIL  OF 
12-PERCENT -THICKNESS  RATIO  (Cj  =  0.  46l). 
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FIG.  33a.  PRESSURE  DISTRIBUTION  IN  THE  CHORDWISE  DIRECTION 
FOR  THE  ELLIPTICAL  AIRFOIL  OF  1 8-PERCENT -THICKNESS  RATIO. 


FOR  THE  ELLIPTICAL  AIRFOIL  OF  18-PERCENT-THICKNESS  RATIO. 
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FIG.  33c.  PRESSURE  DISTRIBUTION  IN  THE  CHORDWISE  DIRECTION 
FOR  THE  ELLIPTICAL  AIRFOIL  OF 
18-PERCENT -THICKNESS  RATIO. 
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FIG.  33d.  PRESSURE  DISTRIBUTION  IN  THE  CHORDWISE  DIRECTION 
FOR  THE  ELLIPTICAL  AIRFOIL  OF 
18-PERCENT-THICKNESS  RATIO. 
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FIG.  33e.  PRESSURE  DISTRIBUTION  IN  THE  CHORDWISE  DIRECTION 
FOR  THE  ELLIPTICAL  AIRFOIL  OF 
18-PERCENT -THICKNESS  RATIO. 
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FIG.  33f.  PRESSURE  DISTRIBUTION  IN  THE  CHORDWISE  DIRECTION  FOR 

THE  ELLIPTICAL  AIRFOIL  OF 
18-PERCENT-THICKNESS  RATIO. 
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FIG.  33g.  PRESSURE  DISTRIBUTION  IN  THE  CHORDWISE  DIRECTION 
FOR  THE  ELLIPTICAL  AIRFOIL  OF  1 8-PERCENT-THICKNESS  RATIO. 
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FIG.  33h.  PRESSURE  DISTRIBUTION  IN  THE  CHORDWISE  DIRECTION 
FOR  THE  ELLIPTICAL  AIRFOIL  OF  18 -PERCENT-THICKNESS  RATIO. 
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FIG.  331.  PRESSURE  DISTRIBUTION  IN  THE  CHORDWISE  DIRECTION 
FOR  THE  ELLIPTICAL  AIRFOIL  Or 
18-PERCENT- THICKNESS  RATIO. 


FIG.  33 j .  PRESSURE  DISTRIBUTION  IN  THE  CHORDWISE  DIRECTION 
FOR  THE  ELLIPTICAL  AIRFOIL  OF 
18-PERCENT-THICKNESS  RATIO. 
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FIG.  33k.  PRESSURE  DISTRIBUTION  IN  THE  CHORDWISE  DIRECTION 

FOR  THE  ELLIPTICAL  AIRFOIL  OF 
18 -PERCENT -THICKNESS  RATIO. 
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FIG.  331.  PRESSURE  DISTRIBUTION  IN  THE  CHORDWISE  DIRECTION 


FOR  THE  ELLIPTICAL  AIRFOIL  OF 
18-PERCENT -THICKNESS  RATIO. 
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FIG.  34a.  PRESSURE  DISTRIBUTION  IN  THE  CHORDWISE  DIRECTION 
FOR  THE  ELLIPTICAL  AIRFOIL  OF  1  2-PERCENT-THICKNESS  RATIO. 
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FIG.  34b.  PRESSURE  DISTRIBUTION  IN  THE  CHORDWISE  DIRECTION 
FOR  THE  ELLIPTICAL  AIRFOIL  OF  I  2-PERCENT-THICKNESS  RATIO. 
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FIG.  34c.  PRESSURE  DISTRIBUTION  IN  THE  CHORDWISE  DIRECTION 
FOR  THE  ELLIPTICAL  AIRFOIL  OF  12-PERCENT-THICKNESS  RATIO. 
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FIG.  34d .  PRESSURE  DISTRIBUTION  IN  THE  CHORDWISE  DIRECTION 
FOR  THE  ELLIPTICAL  AIRFOIL  OF  1 2-PERCENT -THICKNESS  RATIO. 
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FIG.  34e.  PRESSURE  DISTRIBUTION  IN  THE  CHORDWISE  DIRECTION 
FOR  THE  ELLIPTICAL  AIRFOIL  OF  1 2-PERCENT -THICKNESS  RATIO. 
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FIG.  34f.  PRESSURE  DISTRIBUTION  IN  THE  CHORDWISE  DIRECTION 
FOR  THE  ELLIPTICAL  AIRFOIL  OF  1 2-PERCENT -THICKNESS  RATIO. 
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FIG.  39.  ELLIPTICAL  AIRFOIL  MODEL  OF  18  PERCENT  WITH  DUAL  JETS. 
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FIG.  40.  THE  TOTAL  LIFT  COEFFICIENT  VERSUS  THE  RATIO  OF  LEADING  EDGE  JET  COEFFICIENT  TO 
TRAILING  EDGE  JET  COEFFICIENT  ( 1 8 -PERCENT -THICKNESS  RATIO). 
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FIG.  42.  PULSATING  LIFT  AND  MODEL  PRESSURE  FOR  ELLIPTICAL  AIRFOIL 
OF  18-PERCENT-THICKNESS  RATIO  (VALVE  SPEED  =  360  r.  p.  m.  ). 


FIG.  44.  PULSATING  LIFT  COEFFICIENT  VERSUS  PULSATING  JET  COEFFICIENT 
FOR  18-PERCENT  MODEL  AT  VALVE  SPEED  386  r.  p.  m. 
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FIG.  46.  PULSATING  LIFT  COEFFICIENT  VERSUS  PULSATING  JET  COEFFICIENT  FOR 

18 -PERCENT  MODEL  AT  VALVE  SPEED  210  r.  p.  m. 
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FOR  18-PERCENT  MODEL. 
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FIG.  50.  PULSATING  DRAG  COEFFICIENT  VERSUS  PULSATING  JET  COEFFICIENT  FOR 

18-PERCENT  MODEL  AT  VALVE  SPEED  215  r.  p.  m. 
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AIRFOIL  OF  12-PERCENT -THICKNESS  RATIO  (VALVE  SPEED  =  300 
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FIG.  53.  PULSATING  PRESSURE  COEFFICIENT  VERSUS  PULSATING  JET  COEFFICIENT 
FOR  12-PERCENT  MODEL  AT  VALVE  SPEED  300  r.  p.  m. 
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FIG.  54.  PULSATING  PRESSURE  COEFFICIENT  VERSUS  PULSATING  JET  COEFFICIENT 
FOR  12-PERCENT  MODEL  AT  VALVE  SPEED  300  r.  p.  m. 


FIG.  55.  PULSATING  PRESSURE  COEFFICIENT  VERSUS  PULSATING  JET  COEFFICIENT 
FOR  12-PERCENT  MODEL  AT  VALVE  SPEED  300  r.  p.  m. 
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FIG.  57.  PULSATING  PRESSURE  COEFFICIENT  VERSUS  PULSATING  JET  COEFFICIENT 
FOR  12-PERCENT  MODEL  AT  VALVE  SPEED  300  r.  p.  m. 


d 


0 


6 


o 

o 

m 

Q 

w 

w 

CL, 

CO 

« 

3 

£ 

< 

yJ 

OJ 

Q 

O 

2 

H 

2 

u 

O 

os 

w 

a. 

i 

CM 


OS 

O 

Pm 


83 


Static  Tap  22 
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FOR  12-PERCENT  MODEL  AT  VALVE  SPEED  300 
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FIG.  61.  PULSATING  PRESSURE  COEFFICIENT  VERSUS  PULSATING  JET  COEFFICIENT 
FOR  12-PERCENT  MODEL  AT  VALVE  SPEED  150  r.  p.  m. 
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